1. Introduction {#sec1-ijms-20-02844}
===============

Vitamin K is a fat-soluble vitamin that is classified into three forms, namely vitamin K1 (phylloquinone), K2 (menaquinone), and K3 (menadione) ([Figure 1](#ijms-20-02844-f001){ref-type="fig"}). Among them, vitamin K1 and K2 are natural compounds, whereas vitamin K3 is an artificial one. Vitamin K1 is abundant in vegetables \[[@B1-ijms-20-02844]\] and vitamin K2 is contained in fermented foods \[[@B2-ijms-20-02844],[@B3-ijms-20-02844]\]. For example, Japanese fermented soybeans (called "natto") contain high concentrations of vitamin K2 \[[@B2-ijms-20-02844]\]. Vitamin K2 is referred as "MK-n" depending on the number of isoprene units in its side chain. For example, vitamin K2 abundant in "natto" is MK-7 \[[@B2-ijms-20-02844]\], whereas MK-9, -10, and -11 are major forms of vitamin K2 in dairy food \[[@B3-ijms-20-02844]\]. Although mammals do not have the ability to synthesize vitamin K2 de novo, they are able to convert vitamin K1 into MK-4 form of vitamin K2 by UbiA prenyltransferase domain containing protein l (UBIAD1) \[[@B4-ijms-20-02844]\]. The *Ubiad1* knockout mice were embryonic lethal \[[@B5-ijms-20-02844]\], suggesting essential physiological roles of vitamin K2, although the contribution of other substrates of UBIAD1 cannot be excluded. Vitamin K3 is widely used as a source of vitamin K in animal food. However, it is actually toxic in that it generates reactive oxygen species and has been banned from human consumption by the U.S. Food and Drug Administration since 1963.

Vitamin K was discovered by Danish biochemist Dr. Henrik Dam in 1929 as a fat-soluble diet substance necessary for blood coagulation \[[@B6-ijms-20-02844]\]. The substance was named after the German word 'Koagulationsvitamin' by adopting the first letter of this word. Dr. Henrik Dam was awarded the Nobel Prize in Physiology or Medicine in 1943 with an American biochemist, Dr. Edward A, doisy, who determined the structure of both vitamin K1 and K2 \[[@B7-ijms-20-02844]\]. It was not until the 1970s that part of the mechanism of vitamin K functions began to be clarified. Vitamin K was found to be a necessary factor for γ-carboxylation of some coagulation factors which is catalyzed by an enzyme called γ-glutamyl carboxylase (GGCX) \[[@B8-ijms-20-02844],[@B9-ijms-20-02844]\].

Now, vitamin K is known to be involved in many biological processes other than blood coagulation. In addition, other modes of vitamin K action have been elucidated by studies from independent laboratories, including ours. In this review, we will introduce the mechanisms of vitamin K functions, including novel modes of action other than classical vitamin K action mediated by GGCX. Then, we discuss the functions of vitamin K in three aging-related musculoskeletal disorders; osteoporosis, osteoarthritis, and sarcopenia.

2. Vitamin K Function Mediated by γ-Carboxylation of Proteins {#sec2-ijms-20-02844}
=============================================================

The earliest discovery of vitamin K function was its essential role in GGCX activity \[[@B8-ijms-20-02844],[@B9-ijms-20-02844]\]. GGCX adds a carboxyl group to the gamma-position carbon of glutamate residues in the substrate proteins ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). The modified glutamate residue is called "Gla" residue. This reaction requires oxidization of vitamin K hydroquinone to vitamin K epoxide ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). This function of vitamin K was blocked with warfarin by inhibiting an enzyme called vitamin K epoxide reductase (VKOR) \[[@B10-ijms-20-02844]\] which is necessary for cyclic use of vitamin K \[[@B11-ijms-20-02844]\]. Coagulation factors II \[[@B8-ijms-20-02844],[@B9-ijms-20-02844]\], VII \[[@B12-ijms-20-02844]\], IX \[[@B13-ijms-20-02844]\], and X \[[@B13-ijms-20-02844]\] are well known substrates for GGCX. Activities of coagulation factors II, VII, IX and X are shown to be regulated by the γ-carboxylation of these glutamate residues, explaining the anti-coagulative function of warfarin \[[@B10-ijms-20-02844]\].

GGCX resides in the membrane of the endoplasmic reticulum \[[@B20-ijms-20-02844]\]. Typical substrates of GGCX have pro-peptides on their N-terminus and the substrates bind GGCX with carboxylase recognition site, a conserved motif within the pro-peptide \[[@B21-ijms-20-02844]\]. Many of the substrates of GGCX have Gla domain next to the pro-peptide, where γ-carboxylation of multiple glutamate residues occurs in processive manner \[[@B22-ijms-20-02844]\] ([Figure 3](#ijms-20-02844-f003){ref-type="fig"}). After the substrates are carboxylated, they become a mature protein by the dissection of pro-peptides.

As far as we know, 20 human proteins are found to be γ-carboxylated so far ([Table 1](#ijms-20-02844-t001){ref-type="table"}). Among the γ-carboxylated proteins, we introduce 9 proteins which are shown to be related with musculoskeletal diseases, or potentially related to them.

Osteocalcin (also called bone Gla protein) \[[@B23-ijms-20-02844],[@B24-ijms-20-02844]\] and matrix Gla protein (MGP) \[[@B31-ijms-20-02844]\], which regulate the calcification of bone and cartilage, are substrates of GGCX. Their roles in osteoporosis or osteoarthritis will be disscussed later.

Growth arrest specific 6 (GAS6), which has multiple functions such as thrombus formation, inflammation, and cell proliferation, is also known as a substrate of GGCX \[[@B35-ijms-20-02844]\]. GAS6 is shown to be a ligand for receptor tyrosine kinases such as Axl, Tyro3, and Mer. The γ-carboxylation of GAS6 is necessary for the activation of these receptors \[[@B36-ijms-20-02844]\]. In relationship with the bone metabolism, GAS6 is shown to increase bone resorbing activity of osteoclast by binding Tyro3 expressed in osteoclast \[[@B37-ijms-20-02844]\]. Another γ-carboxylated protein, protein S, was originally discovered as a protein involved in the fibrinolysis cascade \[[@B39-ijms-20-02844]\]. Protein S, which is highly homologous to GAS6 \[[@B40-ijms-20-02844]\], is also a ligand for Tyro3 \[[@B41-ijms-20-02844]\], and activates osteoclasts \[[@B37-ijms-20-02844]\]. In terms of cartilage metabolism, GAS6 is reported to have suppressive effect on chondrogenic differentiation \[[@B38-ijms-20-02844]\].

In 2008, periostin and TGFβ induced (TGFBI) was reported to be members of γ-carboxylated proteins \[[@B42-ijms-20-02844]\]. Periostin is involved in the maintenance of ligaments and bone development \[[@B43-ijms-20-02844]\]. TGFBI is a protein homologous to periostin and has been shown to be involved in the maintenance of cornea and bone development \[[@B44-ijms-20-02844],[@B45-ijms-20-02844]\]. In either periostin or TGFBI the significance of γ-carboxylation is not clarified. In fact, there is a study suggesting that the γ-carboxylation of periostin and TGFBI is doubtful \[[@B55-ijms-20-02844]\].

In 2008, Gla-rich protein (GRP) which is also known as Upper zone of growth plate and cartilage matrix-associated protein (Ucma) was discovered from sturgeon cartilage and human fetal growth plate \[[@B46-ijms-20-02844],[@B47-ijms-20-02844]\]. GRP is supposed to prevent the aberrant calcification of cartilage, which will be mentioned later.

Androgen receptor (AR) is a member of nuclear receptors. It mediates transcriptional regulation when the cells are stimulated with androgen. In 2017, it was shown that glutamate residue 2 of AR can be γ-carboxylated \[[@B49-ijms-20-02844]\]. When the activity of VKOR was suppressed with warfarin or siRNAs, the transcriptional activity of AR was also suppressed. On the other hand, suppression of GGCX with siRNAs did not affect the transcriptional activity of AR \[[@B49-ijms-20-02844]\], which makes it difficult to understand the biological significance of γ-carboxylation. In terms of bone metabolism, AR deficient mice display bone loss with enhanced bone resorption \[[@B50-ijms-20-02844]\]. The suppressive effect of androgen on bone resorption was shown also in humans by a clinical study \[[@B51-ijms-20-02844]\]. In the relationship between androgen and muscular tissue, the administration of testosterone is shown to increase skeletal muscle mass and strength in normal men \[[@B52-ijms-20-02844]\]. In the animal model, AR deficient male mice displayed decreased skeletal muscle mass \[[@B53-ijms-20-02844]\].

The final human protein carboxylated by GGCX is GGCX itself. In 1998, it was reported that three Gla residues in a GGCX molecule were carboxylated \[[@B54-ijms-20-02844]\]. It was speculated that γ-carboxylation of GGCX may facilitate the release of GGCX substrates and suppressively regulate the processive γ-carboxylation of its substrates.

3. Vitamin K Function as a Ligand of SXR/PXR {#sec3-ijms-20-02844}
============================================

In 2003, we discovered a completely different mechanism of vitamin K2 action mediated by transcriptional regulation. We showed that MK-4 form of vitamin K2 is one of the ligands for the nuclear receptor, steroid and xenobiotic receptor (SXR) and its murine ortholog, pregnane X receptor (PXR) \[[@B14-ijms-20-02844],[@B56-ijms-20-02844]\] ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). This receptor is also known as NR1I2, according to standardized nomenclature designated by the nuclear receptor committee. Blumberg et al. cloned SXR/PXR as a novel nuclear receptor that is mainly expressed in the liver and intestine \[[@B57-ijms-20-02844]\].

SXR/PXR is a ligand-dependent transcription factor and is activated by various drugs and xenobiotic compounds \[[@B58-ijms-20-02844]\]. At the time of cloning, endogenous ligands of SXR/PXR had not been discovered. For that reason, SXR/PXR was originally classified as an orphan receptor. Now, secondary bile acids are known to be endogenous ligands for this receptor \[[@B59-ijms-20-02844],[@B60-ijms-20-02844]\]. When SXR/PXR is activated by a ligand, it forms a heterodimer with 9-cis retinoid acid receptor (RXR). Then, this heterodimer is shown to bind with SXR-responsive elements (SXRE) in the regulatory regions of typical SXR/PXR-responsive genes \[[@B57-ijms-20-02844]\] ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). Typical SXR/PXR-responsive genes include the drug metabolizing enzyme, *CYP3A4*, and the ABC family transporter, *MDR1*, which are involved in detoxification and drug excretion \[[@B61-ijms-20-02844]\]. These responsive genes indicate that one of the roles of SXR/PXR function is a xenobiotic sensor. The expression of SXR/PXR has also been detected in the kidney, lung \[[@B62-ijms-20-02844]\], and peripheral mononuclear cells \[[@B63-ijms-20-02844]\].

Because of the difference of ligand-binding domain, the ligand specificity of SXR/PXR is known to be different among mammalian species. For example, rifampicin, an antibiotic drug, is an effective activator of human and rabbit SXR, while it has little activity on mouse SXR (PXR) or rat SXR. On the other hand, pregnane 16α-carbonitrile (PCN) activates mouse SXR (PXR) and rat SXR efficiently, while it does not activate human or rabbit SXR \[[@B15-ijms-20-02844]\]. We reported that SXR is expressed in human osteoblastic cell lines and is activated by both rifampicin and MK-4 \[[@B14-ijms-20-02844]\]. We also demonstrated that MK-4 can be a ligand for mouse SXR (PXR) by using osteoblastic cells derived from PXR-deficient mice \[[@B14-ijms-20-02844]\]. Therefore, despite the difference of ligand specificity among mammalian species, vitamin MK-4 seems to activate both human SXR and murine SXR (PXR). Later, it was shown that MK-2 and MK-3 also activate SXR \[[@B64-ijms-20-02844]\]. Meanwhile, it was shown that vitamin K1 itself is not capable of activating SXR \[[@B16-ijms-20-02844]\], suggesting vitamin K1 potentially contribute to this mechanism of action after being converted into MK-4. The fact that some forms of vitamin K2 could be ligands for SXR has opened up the possibility that vitamin K is involved in many physiological and pathological processes through the regulation of PXR target genes.

4. Other Modes of Vitamin K Actions {#sec4-ijms-20-02844}
===================================

In 2005, another interactor of vitamin K2 was discovered. Otsuka et al. showed that vitamin K2 binds 17β-Hydroxysteroid dehydrogenase type 4 (17β-HSD4) by mass spectrometric analysis with a pull-down assay using biotinylated MK-4 \[[@B18-ijms-20-02844]\] ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). It is known that 17β-HSD4 is an enzyme converting estradiol (E2) to estrone (E1). They showed a vitamin K2-dependent decrease of DNA binding of estrogen receptor α, suggesting 17β-HSD4-mediated inactivation of E2 by converting it into E1. This study proposed another mode of vitamin K action with a physical interaction with proteins other than GGCX or SXR/PXR. However, the precise mechanism of regulation on the enzymatic activity is not clarified. Since estrogen signal is shown to protect bone tissues \[[@B65-ijms-20-02844]\] and supposed to promote muscular endurance \[[@B66-ijms-20-02844]\], activating 17β-HSD4 by MK-4 may not explain the apparent beneficial functions of vitamin K on musculoskeletal tissues stated below.

In 2007, we proposed the fourth mechanism of vitamin K action. In osteoblastic cells, MK-4 induced the gene expression of growth differentiation factor 15 (*GDF15*) and stanniocalcin 2 (*STC2*). The induction of these genes was considered to be mediated by neither GGCX nor SXR because the induction was not suppressed by treatment with rifampicin nor siRNA against SXR. Further investigation revealed that MK-4 induced the phosphorylation of protein kinase A (PKA) and that the inhibition of PKA suppressed the expression of *GDF15* and *STC2* in osteoblastic cells \[[@B19-ijms-20-02844]\] ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). Although the precise mechanism of PKA activation is unknown, these results suggested the fourth mechanism of vitamin K action.

In 2013, a surprising action of vitamin K was reported. Karasawa et al. showed that pro-apoptotic protein Bcl-2 antagonist killer 1 (Bak) was covalently modified by epoxide form of MK-4 at cysteine 166 in Bak \[[@B17-ijms-20-02844]\] ([Figure 2](#ijms-20-02844-f002){ref-type="fig"}). This modification of Bak functionally regulated apoptosis induction in human promyelocytic cell HL60 \[[@B17-ijms-20-02844]\]. Bak regulates apoptosis also in osteoblasts. Attenuation of apoptosis by genetic deletion of Bak and Bax in osteoblasts increased femoral cancellous bone mass, whereas it also increased cortical porosity in aged mice \[[@B67-ijms-20-02844]\]. This report suggests that the covalent modification of Bak with MK-4 may affect bone metabolism. In addition, if the covalent modification of proteins with vitamin K is a general phenomenon, other proteins affecting aging-related musculoskeletal disorders might be involved.

5. Roles of Vitamin K on Osteoporosis {#sec5-ijms-20-02844}
=====================================

The relationship of vitamin K and bone metabolism was suggested from a long time ago. In 1960, Bouckaert and Said reported that vitamin K enhanced the healing of fracture in rabbits \[[@B68-ijms-20-02844]\]. The discovery of γ-carboxylated osteocalcin from bone tissues \[[@B23-ijms-20-02844],[@B24-ijms-20-02844]\] also suggested a relationship. In 1985, Hart et al. reported that circulating levels of vitamin K1 in patients who had spinal or femoral neck fractures were significantly lower than those of age-matched control subjects \[[@B69-ijms-20-02844]\]. This research was made possible by the invention of electrochemical detection for a low concentration of vitamin K in plasma by using high-performance liquid chromatography (HPLC). At the turn of the century, several large-scale epidemiological studies on the relationship between fracture risk and bone fracture were conducted. The epidemiological study conducted in North America revealed low vitamin K intake to be associated with an increased risk of hip fracture \[[@B70-ijms-20-02844]\]. Interestingly, the association of vitamin K intake and bone mineral density (BMD) was not significantly observed in this study \[[@B70-ijms-20-02844]\], suggesting its contribution to bone quality. The relationship of low vitamin K intake and hip fracture was also observed in Japanese observational study \[[@B71-ijms-20-02844],[@B72-ijms-20-02844]\].

In Japan, MK-4 was approved for a drug for osteoporosis treatment in 1995 based on domestic clinical trials showing the efficacy on bone mineral density. Now, MK-4 is in use for osteoporosis treatment in several Asian countries. For the last two decades, interventional clinical trials were conducted throughout the world. Many trials used MK-4 as vitamin K treatment, MK-7 or vitamin K1 was also used in some trials as well. According to the most recent meta-analysis, a favorable effect of vitamin K on clinical fractures was statistically significant, although the effect on vertebral or hip fractures was not statistically significant \[[@B73-ijms-20-02844]\]. Among the clinical trials, the largest one was conducted in Japan \[[@B74-ijms-20-02844]\]. This study involved more than 4000 Japanese women with three years of intervention and a one-year follow-up period. This study failed to demonstrate the fracture-preventive effect of vitamin K2 (MK-4) in the whole group of subjects. However, the significant effect on new vertebral fractures was observed in the subgroup analysis of high-risk patients with at least five pre-existing vertebral fractures.

GGCX-dependent mechanism may exist in the bone protective role of vitamin K. We found a single nucleotide polymorphism (SNP) in GGCX significantly correlated with bone mineral density in elderly Japanese women \[[@B75-ijms-20-02844]\]. This SNP involves amino acid substitution, where GGCX with higher enzymatic activity was coded by a beneficial allele with a higher bone mineral density. This result suggested that part of the bone protective effect of vitamin K could be mediated by GGCX activity. However, it is still a difficult process to clarify which substrates of GGCX are responsible for this effect. Osteocalcin, one of the substrates of GGCX \[[@B23-ijms-20-02844],[@B24-ijms-20-02844]\], is specifically expressed in osteoblastic lineage \[[@B25-ijms-20-02844],[@B26-ijms-20-02844]\] and regulates mineralization of bone \[[@B27-ijms-20-02844]\]. The concentration of undercarboxylated form of osteocalcin (ucOC) in serum is positively correlated with fracture risk \[[@B28-ijms-20-02844]\] and used as a biomarker for the indication of vitamin K treatment in Japan. In these circumstances, we first hypothesized that some GGCX substrate in osteoblasts, especially osteocalcin, may be responsible for the bone protective effect. To test this hypothesis, we generated osteoblast-specific GGCX-deficient mice \[[@B29-ijms-20-02844]\]. As expected, serum ucOC was increased and carboxylated osteocalcin (cOC) was decreased compared with control mice. Notably, the bone mineral density was even increased in osteoblast-specific GGCX-deficient mice and mechanical strength was not impaired compared with control mice \[[@B29-ijms-20-02844]\]. This result implied that GGCX in osteoblast may not contribute to the bone protective effect of vitamin K in this mouse model, and that the γ-carboxylation of osteocalcin might not be responsible for the effect. It is possible to speculate that GGCX activity in other cell lineages or in other tissues is responsible for the bone protective effect of vitamin K. In terms of the role of osteocalcin, it is noteworthy that osteocalcin-deficient mice were shown to have mechanically stronger bone than wild type mice \[[@B30-ijms-20-02844]\], suggesting a decrease of cOC rather than increase of ucOC may have a bone strengthening effect.

The bone protective role of vitamin K may be explained by transcriptional regulation mediated by SXR/PXR. We found three SXR-dependent vitamin K-responsive genes, *Tsukushi*, *Matrillin2*, and *CD14* in the human osteoblastic cell line, MG63 cells stably overexpressing SXR \[[@B76-ijms-20-02844]\]. *Tsukushi* and *Matrilin2* encode proteins related with extracellular matrix \[[@B77-ijms-20-02844],[@B78-ijms-20-02844]\], and *CD14* encodes protein regulating bone turnover by inducing differentiation of B cells \[[@B79-ijms-20-02844],[@B80-ijms-20-02844],[@B81-ijms-20-02844]\]. The bone phenotype of systemic *Pxr* knockout mice suggested the roles of SXR/PXR in the bone metabolism. We analyzed 4-month-old female *Pxr* knockout mice and found decreased bone mineral density, enhanced bone resorption, suppressed bone formation, and weaker mechanical strength in femoral bone from *Pxr* knockout mice compared with wild type mice \[[@B82-ijms-20-02844]\]. Konno et al. analyzed *Pxr* knockout mice from different origin and reported lower bone mineral density in *Pxr* knockout mice \[[@B83-ijms-20-02844]\]. They showed that *Slc34a2* is a PXR responsive gene in intestine and that serum concentration of inorganic phosphate was significantly decreased in *Pxr* knockout mice. Meanwhile, the serum levels of inorganic phosphate in *Pxr* knockout mice were not decreased in our observation \[[@B82-ijms-20-02844]\], suggesting the mechanisms depend on the mouse strains and/or environment. In the case of humans, we found an SNP in the first intron of the *SXR* gene associated with the total body BMD of postmenopausal Japanese women \[[@B84-ijms-20-02844]\]. This suggests that vitamin K actions mediated by SXR may have clinical significance.

6. Roles of Vitamin K on Osteoarthritis {#sec6-ijms-20-02844}
=======================================

Epidemiological studies in North America and Japan revealed the association of low vitamin K intake and the prevalence of osteoarthritis \[[@B85-ijms-20-02844],[@B86-ijms-20-02844],[@B87-ijms-20-02844]\], suggesting the cartilage protective effect of vitamin K. This effect was further examined by an interventional trial with negative results \[[@B88-ijms-20-02844]\], possibly due to short study period or weak effect of vitamin K on established osteoarthritis.

A mechanism of the protective effect of vitamin K on articular cartilage was proposed that the abnormal γ-carboxylation of proteins was involved in the aberrant calcification of cartilage. In a genome-wide association study, an SNP significantly associated with hand osteoarthritis was found near matrix Gla protein (*MGP*) gene \[[@B32-ijms-20-02844]\], coding one of the substrates of GGCX. The risk allele was significantly associated with a lower expression of MGP in subchondral bone. It is notable that *Mgp* knockout mice displayed inappropriate calcification of cartilages \[[@B33-ijms-20-02844]\], and that human chondrocytes derived from patient of osteoarthritis produced less carboxylated MGP (cMGP) and more undercarboxylated MGP (ucMGP) \[[@B34-ijms-20-02844]\]. Taken together it is likely that cMGP has a beneficial effect on preventing osteoarthritis by inhibiting the calcification of articular cartilage. Another candidate molecule which can explain protective effect of vitamin K on cartilage is Gla-rich protein (GRP). In osteoarthritic cartilage undercarboxylated GRP (ucGRP) was more evident than carboxylated GRP (cGRP), and both ucGRP and cGRP co-localized with ectopic calcification \[[@B48-ijms-20-02844]\]. This observation suggested γ-carboxylation of GRP is important for inhibiting calcification of cartilage tissue.

The cartilage protective effect of vitamin K may also be explained by transcriptional regulation mediated by SXR/PXR. We found that *Pxr* knockout mice displayed aging-dependent wearing of articular cartilage of knee joints, resembling development of osteoarthritic lesion \[[@B89-ijms-20-02844]\]. We identified an SXR-dependent vitamin K (MK-4)-responsive gene, *Fam20a* (family with sequence similarity 20a) using ATDC5 chondrocytic cells overexpressing human SXR \[[@B89-ijms-20-02844]\]. Although the role of FAM20A in cartilage tissue is unknown, we speculate that FAM20A may regulate phosphorylation of certain extracellular matrix protein like other members of Fam20 family proteins \[[@B90-ijms-20-02844],[@B91-ijms-20-02844]\].

7. Roles of Vitamin K on Sarcopenia {#sec7-ijms-20-02844}
===================================

In 1988, the word 'sarcopenia' was invented by combining Greek words meaning 'muscle' and 'loss' \[[@B92-ijms-20-02844]\]. However, it was not until 2010 when the operational definition of sarcopenia began to be proposed to familiarise people with pathological muscle loss \[[@B93-ijms-20-02844]\]. Therefore, sarcopenia is an emerging clinical entity which requires attention to prevent locomotor disabilities. In 2016, sarcopenia was added to the list of International Classification of Diseases (ICD)-10, indicating that sarcopenia is now internationally regarded as a disease. In this decade, several definitions and diagnostic criteria have been proposed throughout the world, and clinical or basic studies on sarcopenia have been undertaken. Currently, more emphasis is put on muscle strength and physical performance rather than muscle mass \[[@B94-ijms-20-02844]\], because muscle strength and physical performance are directly associated with disabilities of patients.

Some clinical observational studies suggest that vitamin K status is related to physical performance. One large clinical study conducted in the United States analyzed 1089 community-dwelling older adults, and reported that a higher plasma concentration of vitamin K1 was associated with higher SPPB (short physical performance battery; including the evaluation of gait speed, chair stand, and balance test) scores in both cross-sectional and longitudinal analyses \[[@B95-ijms-20-02844]\]. More than half (67%) of the participants were female in this study, although the subgroup analysis of each gender was not performed. Another large observational study, in which 633 community-dwelling adults aged 55--56 years old participated, revealed that a higher vitamin K status was associated with a higher physical performance score (assessed with walk test, chair stand test, and cardigan putting on and taking off time) only in women \[[@B96-ijms-20-02844]\]. Stronger handgrip power and larger calf circumference were associated with higher vitamin K status in both genders. According to a randomized controlled study originally aimed to evaluate the effect of vitamin K1 supplementation on bone loss and coronary artery calcification, three-year vitamin K1 supplementation did not change appendicular lean mass, which reflects muscle mass of arms and legs \[[@B97-ijms-20-02844]\]. Unfortunately, physical performance was not assessed in this study. Another control study with six-month vitamin K2 (MK-7) supplementation did evaluate physical performance but showed no significant effect of vitamin K on handgrip strength and SPPB score \[[@B98-ijms-20-02844]\].

Considering the results of several clinical studies introduced above, vitamin K may have a beneficial effect on muscle quality reflected by physical performance scores rather than muscle mass. As far as we know, there is no convincing basic study explaining the mechanisms of vitamin K functions in the skeletal muscle tissue. Further clinical and basic studies should be required for a detailed discussion on these matters.

8. Conclusions {#sec8-ijms-20-02844}
==============

In the present review, we described multiple mechanisms of vitamin K functions and their involvement in aging-related musculoskeletal disorders as examples for the biological significance of vitamin K beyond its roles in blood coagulation. In a super-aged society, musculoskeletal disorders are the leading cause of disabilities requiring health care. Therefore, osteoporosis, osteoarthritis and sarcopenia are becoming more important issues as obstacles to expanding a healthy life span in an aging society. We sincerely hope that studies on vitamin K lead to the discovery of new biological mechanisms and targets for disease prevention and treatment, and eventually contribute to human longevity and health by the clinical application of these discoveries.
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![Molecular structures of the three forms of vitamin K. Vitamin K1, K2, and K3 share naphthoquinone ring, but differ in their side chains. Vitamin K1 has a phytyl side chain. Vitamin K2 has a side chain with varying number of isoprene units and called "MK-n" depending on the number of isoprene units. Vitamin K3 is a synthetic vitamin K without a side chain.](ijms-20-02844-g001){#ijms-20-02844-f001}

![Multiple modes of vitamin K actions. The classical mechanism of vitamin K action is a co-factor for γ-glutamyl carboxylase (GGCX) \[[@B8-ijms-20-02844],[@B9-ijms-20-02844],[@B10-ijms-20-02844],[@B11-ijms-20-02844]\]. This reaction requires cyclic use of vitamin K. Both vitamin K1 and K2 work in this mode of action. Vitamin K epoxide reductase (VKOR) is required for recycling vitamin K which is oxidized during γ-glutamyl carboxylation. Warfarin inhibits VKOR and vitamin K recycling, thereby suppressing GGCX activity. Vitamin K also functions as a ligand of steroid and xenobiotic receptor (SXR) and its murine homolog, pregnane X receptor (PXR) \[[@B14-ijms-20-02844]\]. Some forms of vitamin K2 (MK-2, 3, and 4) are reported to have the ability to activate SXR \[[@B15-ijms-20-02844]\], while vitamin K1 is not capable of activating SXR \[[@B16-ijms-20-02844]\]. On vitamin K binding, SXR/PXR form heterodimers with 9-cis-retinoid acid receptor (RXR), and this complex binds to SXR-responsive elements (SXRE) within the regulatory regions of target genes. Covalent binding of vitamin K epoxide and a target protein, Bcl-2 antagonist killer 1 (Bak), is also proposed as a novel mode of vitamin K action \[[@B17-ijms-20-02844]\]. This function is reported only in MK-4. Association of vitamin K with 17β-Hydroxysteroid dehydrogenase type 4 (17β-HSD4) can be different mode of vitamin K action \[[@B18-ijms-20-02844]\], although mechanism of binding and regulation of enzymatic activity is unknown. Only MK-4 was used in this study. Finally, MK-4 activates protein kinase A (PKA) with unknown mechanism \[[@B19-ijms-20-02844]\]. Typical substrate of PKA is CREB (cyclic AMP responsive element binding protein) and it binds to CRE (cyclic AMP responsive element) within the promoter or enhancer regions of target genes when CREB is phosphorylated. The arrows indicate conversion, association, or induction. The T bar indicates inhibition.](ijms-20-02844-g002){#ijms-20-02844-f002}

![Processive γ-carboxylation of typical GGCX substrates. In the endoplasmic reticulum, typical substrates of GGCX bind with GGCX with the carboxylase recognition site in the pro-peptide at their N-termini (indicated by arrows). Then, multiple glutamate residues (Glu, black triangles) in the Gla domain are converted into Gla residues (white triangles) in processive manner.](ijms-20-02844-g003){#ijms-20-02844-f003}
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Musculoskeletal disease-related γ-carboxylated proteins. Among 20 kinds of proteins known to be γ-carboxylated, 9 proteins are related or possibly related to musculoskeletal diseases.

  Proteins                                                                                           Expression                                                                                                                      Function                                                                                                                  References
  -------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Osteocalcin (Bone Gla protein, BGP)                                                                Osteoblast                                                                                                                      Regulation of bone calcification, Regulation of glucose metabolism? Enhancing male fertility?                             \[[@B23-ijms-20-02844],[@B24-ijms-20-02844],[@B25-ijms-20-02844],[@B26-ijms-20-02844],[@B27-ijms-20-02844],[@B28-ijms-20-02844],[@B29-ijms-20-02844],[@B30-ijms-20-02844]\]
  Matrix Gla protein (MGP)                                                                           Chondrocyte, vascular smooth muscle cell, etc.                                                                                  Regulation of calcification                                                                                               \[[@B31-ijms-20-02844],[@B32-ijms-20-02844],[@B33-ijms-20-02844],[@B34-ijms-20-02844]\]
  Growth arrest specific-6 (GAS6)                                                                    Lung, heart, kidney, intestine, endothelium, vascular smooth muscle cell, bone marrow, osteoblast, osteoclast, monocyte, etc.   Thrombus formation; Inflammation; Cell proliferation; Enhancing osteoclast activity                                       \[[@B35-ijms-20-02844],[@B36-ijms-20-02844],[@B37-ijms-20-02844],[@B38-ijms-20-02844]\]
  Protein S                                                                                          Liver, endothelium, monocyte, etc.                                                                                              Anti-coagulation; Enhancing osteoclast activity                                                                           \[[@B37-ijms-20-02844],[@B39-ijms-20-02844],[@B40-ijms-20-02844],[@B41-ijms-20-02844]\]
  Periostin                                                                                          Periosteum, periodontal ligament, heart valve, adrenal gland, lung, thyroid, intestine, ovary, testis, prostate                 Maintenance of periodontal ligament; Bone development and maintenance                                                     \[[@B42-ijms-20-02844],[@B43-ijms-20-02844]\]
  TGFβ induced (TGFBI)                                                                               Bone, joint, skin, cornea, kidney.                                                                                              Bone development; Maintenance of cornea                                                                                   \[[@B42-ijms-20-02844],[@B44-ijms-20-02844],[@B45-ijms-20-02844]\]
  Gla-rich protein (GRP)/Upper zone of growth plate and cartilage matrix associated protein (Ucma)   Chondrocyte, osteoblast, osteocyte, vascular smooth muscle cell, skin                                                           Suppression of inflammation; Suppression of calcification in blood vessels and articular cartilages                       \[[@B46-ijms-20-02844],[@B47-ijms-20-02844],[@B48-ijms-20-02844]\]
  Androgen receptor                                                                                  Testis, prostate, muscle, brain, prostate cancer                                                                                Induction of male sexual characteristics; Promotion of prostate cancer; Bone protection; Enhancing skeletal muscle mass   \[[@B49-ijms-20-02844],[@B50-ijms-20-02844],[@B51-ijms-20-02844],[@B52-ijms-20-02844],[@B53-ijms-20-02844]\]
  γ-glutamyl carboxylase (GGCX)                                                                      Systemic (High expression in liver)                                                                                             γ-carboxylation of proteins                                                                                               \[[@B54-ijms-20-02844]\]
